Vertebrate eye development begins at the gastrula stage, when a region known as the eye field acquires the capacity to generate retina and lens. Optx2, a homeobox gene of the sine oculis-Six family, is selectively expressed in this early eye field and later in the lens placode and optic vesicle. The distal and ventral portion of the optic vesicle are fated to become the retina and optic nerve, whereas the dorsal portion eventually loses its neural characteristics and activates the synthesis of melanin, forming the retinal pigment epithelium. Optx2 expression is turned off in the future pigment epithelium but remains expressed in the proliferating neuroblasts and differentiating cells of the neural retina. When an Optx2-expressing plasmid is transfected into embryonic or mature chicken pigment epithelial cells, these cells adopt a neuronal morphology and express markers characteristic of developing neural retina and photoreceptors. One explanation of these results is that Optx2 functions as a determinant of retinal precursors and that it has induced the transdifferentiation of pigment epithelium into retinal neurons and photoreceptors. We also have isolated optix, a Drosophila gene that is the closest insect homologue of Optx2 and Six3. Optix is expressed during early development of the f ly head and eye primordia.
Development of the eye begins in a zone of primitive ectoderm at the anterior end of the gastrula stage embryo. This region, known as the eye field, is the first to acquire the potential to generate ocular tissue (1, 2) . As morphogenesis proceeds, eye development becomes progressively localized to retinal primordia in the forebrain neural plate and to lens primordia located in the head ectoderm. (3, 4) . One gene expressed in these ocular primordia is Pax6, a homeobox gene that encodes a transcription factor required to initiate formation of the lens (5) (6) (7) (8) (9) . Pax6 has a highly conserved Drosophila homologue, eyeless, that also is required for insect eye development (10) . Rx͞rax, another homeobox gene belonging to the Pax-aristaless family, also is expressed in the early eye field (11, 12) and is essential for formation of the mouse optic vesicle (12) . To better understand the role of regulatory genes in establishing the eye, we have isolated and characterized Optx2, a homeobox gene of the sine oculis family (13, 14) that is expressed in the early eye field and both ocular primordia.
MATERIALS AND METHODS
Isolation of cDNA Clones. A library of random cDNA amplimers was prepared from embryonic day 7 (E7) chicken retina mRNA (15) . Following the method of Lovett (16) , 500-800-bp amplimers were hybridized at 60°C with biotinylated probe from the chicken Six3 homeobox, washed at 60°C in 0.1X SSC, selected by streptavidin capture, and cloned. Complete 3Ј ends were obtained by screening an E15 chicken retina gt10 cDNA library from Ruben Adler. 5Ј ends were obtained by rapid amplification of cDNA ends-PCR (Marathon kit, CLONTECH). Full length mouse Optx2 clones were isolated from ZapII phage cDNA libraries of retinas from 3-week-old C57BL mice, provided by Donald Zack. Drosophila optix was isolated from mRNA of 18 hr Drosophila embryos (17) by lowered stringency PCR of hexanucleotide-primed cDNA with partially degenerate primers 5Ј-AAGAAGTTC-CC(A͞C)CT(G͞C)CC(A͞C)(A͞C)G(G͞C)AC(A͞C)AT(A͞ C͞T)TGG-3Ј and 5Ј-C(T͞G)(A͞G)TC(C͞G)C(T͞G)(T͞ C)TG(C͞G)C(T͞G)(C͞G)C(T͞G)GTTCTTGAACCA(A͞ G)TT-3Ј generated a 203-bp amplimer corresponding to Optx2 amino acids 117 to 181. PCR with primers 5Ј-ATGTTC-CAGCT(G͞C)CC(C͞G)AC(C͞G)CT(C͞G)AACTTC(A͞ T)(C͞G)(C͞G)CC(C͞G)GA(A͞G)CA-3Ј(Optx2 amino acids [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] , and 5Ј-GGTGGGAT TCGGGTAGGGATCCT-GTA-3Ј (optix homeobox) gave a 467-bp amplimer clone, which was used for in situ hybridization to Drosophila embryos and polytene chromosomes.
In Situ Hybridization. Wholemount in situ hybridization and sectioning of staged chicken embryos (18) was done as described earlier (8) , with the exception that hybridization and 50% formamide post-RNase washes were both carried out at 65°C. Optx2 probe 1 extended from amino acid 1 to amino acid 184. Probe 2, 276 nt long, extended from amino acid 188 into the 3Ј-untranslated region. In situ hybridization to cultured cells used the same protocol but with 5-min protease pretreatment. Digoxigenin-labeled riboprobes were made from chicken visinin cDNA provided by Carol Freund, David Valle, and Ruben Adler of Johns Hopkins University. Ruben Adler and Terri Belecky-Adams of Johns Hopkins University provided iodopsin riboprobe. Chicken Chx10 probe was prepared as described (19) . Drosophila embryos were fixed, dechorionated (17) , and hybridized with a 467 nt optix riboprobe after the chicken protocol (8) . The same probe was hybridized to Drosophila polytene chromosomes by standard methods (17) and interpreted with the help of Deborah Andrew of Johns Hopkins University. Ian Duncan of Washington University provided YAC DYEO2-19 (20) .
Immunocytochemistry. Using clarified 5% milk-salineTween as a blocker (21), cells fixed as described previously (8) , were incubated overnight at 4°C with a 1:3,000 dilution of rabbit anti-chicken visinin antibody generously provided by Naomasa Miki and Che-Hui Kuo of Osaka University (22) . Detection was with biotinylated goat anti-rabbit IgG (1 mg͞ ml) at a 1:200 dilution and rhodamine avidin D (5 mg͞ml) at 1:500 dilution. mAb specific for chicken cone opsins (COS-1) was provided by Pál Röhlich of Semmelweis University and used at 1:100 dilution. Cells were overlaid with a 9:1 mixture of glycerol:100 mM Tris pH 8.0, followed by immunofluorescent detection of rhodamine or green fluorescent protein (GFP).
Cell Cultures and Transfection. Retinal pigment epithelium (RPE) from E7 White Leghorn chickens was isolated (23) and trypsinized to sheets of 50-500 cells. RPE from six E7 embryos was seeded onto two 24-well plates coated by adsorption of 100 g͞ml Matrigel (Collaborative Research). Cells were allowed to attach and spread for 24 hr and then transfected. The plasmid cmvOptx2 was constructed by placing the full coding region of mouse Optx2 cDNA under the control of a cytomegalovirus (CMV) promoter in pKW10 (24) . Transfecting DNA mixtures contained either CMVZ-BV, a plasmid expressing beta-galactosidase constructed by F. M. Boyce or pEGFP-N1, a CMV-promoter plasmid expressing GFP (CLONTECH) (25) . Each well was transfected for 2 hr with a solution containing 2 l of Lipofect AMINE in 200 l of OptimMEM medium (Life Sciences, Gaithersburg, MD) and 160 ng of CsCl-purified plasmid DNA. For assay by in situ hybridization, the standard transfection mixture contained 60 ng of CMVZ-BV ϩ 60 ng of cmvOptx2. Controls contained 120 ng of CMVZ-BV to provide the same input of DNA and CMV promoter. For fluorescent detection, the standard transfection contained 40 ng of pEGFP-N1 and 120 ng of cmvOptx2. Medium was then replaced with 10% fetal bovine serumsupplemented Medium 199. Alternatively, transfected cells were grown in serum-free neuronal culture medium (26) , which gave better neuronal morphology. Modified for chicken cells, neuronal culture medium consisted of Medium 199 (Life Sciences) supplemented with insulin (25 g͞ml), transferrin (50 g͞ml), progesterone (20 nM), putrescine (100 M), sodium selenite (30 nM), basic fibroblast growth factor (bFGF; 5 ng͞ml), Matrigel (2 g͞ml), penicillin (100 units͞ml), and streptomycin (100 g͞ml). Cultures were grown for 1-3 days and then processed for immunohistochemistry or in situ hybridization.
RESULTS
Optx2 is a Member of the sine oculis Family. cDNA clones of chicken Optx2 (optic Six gene 2) were originally isolated by hybridization with chicken Six3. Longer clones were assembled into a 1,683 nt contig (Fig. 1) , which contains a 741-nt coding region and corresponds to the single 1.75-kb band we observed on Northern blots of E15 chicken embryo retina mRNA. At the N terminus of the predicted 246-aa protein is a 126-aa Six domain. In other members of the sine oculis-Six family, this region binds DNA promoter elements (27) and interacts with protein domains of transcription factors (28). This is followed by a 60-aa DNA-binding homeodomain ( Fig. 2) belonging to a highly diverged family of homeobox genes (13) . The Cterminal region consists of a moderately conserved 46-aa serine-rich sequence, followed by 14 highly conserved amino acids that show homology with amino acids 290-295 in the C-terminal domain of sine oculis. For the expression studies, it was essential to establish that the amino acid sequence MFQL is the correct amino terminus of Optx2. This was of concern because the Kozak consensus predicts weak initiation of translation (30) and MFQL occupies an internal position in the closely related Six3 polypeptide (29) . Comparison of chicken and mouse Optx2 cDNA sequences just upstream of the predicted start site revealed no extended amino acid homology in any reading frame or alternative translation start sites. Possible splice acceptor sites that could connect to an alternative upstream exon (31) also were not found. This start site assignment is supported by sequence comparisons with human OPTX2 clones (unpublished data).
Optx2 is Expressed Throughout Chicken Eye Development. In situ hybridization of chicken embryos (stages 3-17) was carried out with two nonoverlapping antisense Optx2 riboprobes and a sense strand control. Conditions were adjusted to eliminate cross-hybridization between chicken Six3 and Optx2. The earliest expression of Optx2 was found in the prechordal mesoderm of stage 4 gastrulas (not shown). In the stage 5 gastrula, Optx2 expression was observed in prechordal plate mesoderm and in an oval domain of epiblast corresponding to the eye field ( Fig. 3A and B) . In contrast, stringent hybridization conditions revealed no expression of chicken Six3 in any gastrula stage chicken embryos and only low levels of expression in the early neural plate (data not shown). During the neural plate stages, Optx2 mRNA was detected throughout the presumptive forebrain, in the head ectoderm ( Fig. 3 A and C) , and in the prechordal plate mesoderm (Fig. 3C , arrow). After neural tube closure, Optx2 mRNA was detected in the optic vesicles and ventral forebrain, with no expression detected at more caudal levels of the body axis (Fig. 3D) . Optx2 expression decreased in the dorsal forebrain, but high levels remained in the distal and ventral portions of the optic vesicle and forebrain (Fig. 3E) . Within the surface ectoderm, the strongest Optx2 expression was found in the early lens placode, which overlies the optic vesicle (Fig. 3E) . By the lens pit stage (stage 16), a decrease in Optx2 expression was observed in the center of the lens placode, but strong signal remained along its edges and in the nearby surface ectoderm, (Fig. 3 F and G) with expression detected in the embryonic day 4 corneal epithelium (not shown). Optx2 mRNA was detected in the undifferentiated neural retina (Fig. 3G ) but was nearly absent from the outer layer of the optic cup, a region of neural epithelium that gives rise to the RPE. During later development of the neural retina, in situ hybridization detected Optx2 signal in neuroblasts (not shown) and in each layer of differentiated cells, including the photoreceptors (32) (Fig. 3H) . (Table 1 ). The Chx10 homeobox gene is normally expressed in retinal neuroblasts and differentiated bipolar cells. (19, 33) . The visinin gene, which encodes a calcium-binding regulator of visual transduction, is highly retina-specific. It is expressed in all photoreceptors and occasionally in other retinal cell types (22) . Neither Chx10 nor visinin is expressed in the RPE, either in vivo or in cell culture. Nearly all of the visinin positive cell bodies were spindle shaped or spherical. Approximately onehalf of the Chx10-positive cells had spindle or spherical shapes, whereas the rest had a flat, epithelial appearance.
Optx2 Induces Phenotypic Changes in RPE Cells
To better examine visinin expression and morphology in individual cells, a GFP reporter plasmid (pEGFP-N1) was cotransfected with cmvOptx2. At 72 hr after transfection, approximately one-half of the GFP-expressing cells had rounded cell bodies with one or more long, thin processes (Figs. 4 A, B, and E) . Approximately 13% of cells expressing GFP also expressed visinin (Table 1 ; Fig. 4 A and B) . In control cultures transfected with pEGFP-N1 alone, GFP-expressing cells retained their normal epithelial appearance, and none of these cells expressed visinin (Fig. 4 C and D) . Although a significant fraction of the transfected cells had multiple, branched processes (Fig. 4 E) , these neuron-like cells were generally visinin-negative. Most of the visinin-positive GFPexpressing cells had rounded cell bodies with two narrow processes extending from opposite ends (Fig. 4 B and F,  arrow) , a morphology suggestive of undifferentiated neuroepithelial cells. A smaller number were tapered at one end (Fig.  4, G and H) and extended a single process from the opposite end (Fig. 4H) , a shape characteristic of cultured photoreceptors (32) . The frequency of Optx2-mediated effects on cell phenotype were dependent on dosage of the Optx2 plasmid and appeared to be rapid. Full morphological changes and visinin expression were observed 48 hr after transfection. Expression of the red cone pigment, iodopsin, was not detected in any of the transfected cells, either with the mAb COS-1 (35) or by in situ hybridization. During normal retinal development, visinin is first expressed shortly after a cell is committed to photoreceptor differentiation, whereas iodopsin appears Ϸ7 days later (36) . These results suggest that the culture conditions of the experiment support only the early stages of photoreceptor differentiation. In experiments assayed by in situ hybridization, rare visinin-expressing cells were found in control cultures transfected with cmv-LacZ alone. This very low level background of visinin or Chx10 expression was observed also in mock-transfected and untransfected cultures (not shown). Lipofectin reagents used in transfection did not appear to cause a substantial increase in this background. In experimental controls transfected with the GFP reporter alone, none of the GFP-expressing RPE cells showed expression of visinin.
Removal of the retina and the presence of acidic fibroblast growth factor (aFGF or bFGF) can trigger the conversion of embryonic RPE into neural retina, either in vivo or in vitro (37) (38) (39) (40) . This phenomenon is highly stage-dependent, occurring only in chicken embryos earlier than E5, and requires intact epithelial layers (34, 37) . To determine whether our cultures of E7 RPE were susceptible to this effect, RPE cells were grown for 3 days in Medium 199 containing 20 ng͞ml aFGF or bFGF and 2% serum. The cultures showed no significant increase in the background level of Chx10 or visinin-expressing cells. To determine whether the inductive effect of Optx2 is equally stage-dependent, we transfected RPE cells of post-hatch day 1 chickens with cmvOptx2 and pEGFP-N1. Although DNA transformation efficiency in this mature RPE was much lower than for E7 RPE, several of the cells that gave strong GFP signals exhibited altered morphology and the activation of visinin expression (Fig. 4 I and J) . No expression of visinin was observed in mature RPE cells transfected with pEGFP-N1 alone.
Optix Is the Drosophila Orthologue of Optx2 and Six3. Drosophila sine oculis has two close vertebrate homologues, Six1 and Six2, but neither is expressed during mouse eye development (41) . It has therefore been suggested that Six3, a related gene that is expressed selectively in the eye, is the true functional homologue of sine oculis (29) . To date, Optx2 and its close relative, Six3, are the only members of the vertebrate Six gene family known to be selectively expressed in the eye. One problem with this suggestion is that the Six1 and Six2 homeodomains show 93% and 95% identity with sine oculis, whereas Six3 shows only 70% amino acid identity. To resolve this issue, we isolated cDNA clones of a Drosophila gene, optix, which has a homeodomain that is 93% identical to Optx2. This gene appears to be the true orthologue of both Six3 and Optx2. In situ hybridization to polytene chromosomes located optix at 43F-44A (Fig. 4N) , whereas PCR and Southern hybridization detected optix-coding sequences in the yeast artificial chromosome DYE02-19, which extends from 44A1-2 to 44B5-6 (20) . This places optix very close to sine oculis, which is located at 43C (13, 14) . It may be significant that the mammalian orthologues of sine oculis and optix also are genetically linked. Six2 and Six3 are closely linked on mouse chromosome 17 (29) , whereas the SIX1 and OPTX2 genes map very near each other on human chromosome 14 (unpublished data). The expression patterns of Optx2 and optix are also strikingly similar, in that both are expressed during early development of the head. In situ hybridization of Drosophila embryos revealed the first expression of optix mRNA in a band around the head end of the stage 5 blastoderm embryo, at 93% to 85% egg length (Fig.  4K) . By the gastrula stage, the site of expression had shifted to the dorsal-anterior region of the embryo (Fig. 4M) . At stage 12, expression was found in the clypeolabrum, the stomodaeum, and in ectoderm dorsal to the future supraesophageal ganglion (Fig. 4L, arrow) . This dorsal ectoderm contains two bilateral foci of optix expression (Fig. 4M, arrow) that might correspond to the eye-antennal disk primordia (43) . Aside from sine oculis, examination of the Fly Base registry has not yet revealed the existence of any Drosophila eye mutants that map near the optix locus. 
DISCUSSION
Expression of Optx2 During Early Head and Eye Development. Optx2 expression is strikingly confined to the developing head, especially precursors of the eye, pituitary, and hypothalamus. In this respect, the expression pattern is similar to that of the closely related Six3 gene, but there are several significant differences. One difference is that Optx2 is expressed in the gastrula, whereas mouse (29) and chicken Six3 (unpublished results) are not. Optx2 is expressed in the primitive ectoderm of the eye field and also in the underlying prechordal plate mesoderm. The prechordal plate mesoderm is a source of inductive signals that divide the eye field into bilateral eye primordia and direct the central eye field ectoderm to establish midline structures such as the pituitary (1, 4, 44) . The association of Optx2 expression with eye and pituitary development opens the possibility that mutations in this gene cause defects in both of these structures. In fact, rare human birth defects involving the complete failure of eye development and severe pituitary deficiency are associated with de novo deletions in the 14q22-q23 region of chromosome 14 (45, 46) . We have found that human OPTX2 maps to 14q22-q23, suggesting that haploinsufficiency of OPTX2 could be a primary cause of the birth defects in these individuals.
Determination of Retinal Precursors. Earlier studies have shown that overexpression of Six3 in fish embryos causes small lenses to form in the otic placodes (47) . In this paper, we present evidence that ectopic expression of the related Optx2 gene can induce differentiated RPE cells to activate genes characteristic of the neural retina and assume a neuronal or neuroblast morphology. One possible interpretation is that Optx2 expression brings about the transdifferentiation of RPE cells into true precursors of photoreceptors and retinal neurons (48) . If Optx2 normally functions as a determinant that establishes the retina, it is possible that its expression reactivates retinal development in differentiated RPE cells. Chicken embryonic RPE cells normally retain the capacity to transdifferentiate into retinal neurons in response to aFGF or bFGF, but this capacity is entirely lost after E4 (37) (38) (39) (40) . Optx2-mediated induction of visinin expression is effective with RPE from E8 or post-hatch chickens, suggesting that direct regulation of gene expression within the cell bypasses the requirement for extracellular signaling molecules and stagedependent factors affecting competence. An alternative explanation of the results is that we are not observing true transdifferentiation, but an Optx2-mediated activation of Chx10 and visinin transcription that does not cause permanent or biologically relevant changes in the basic identity of the cell. Whichever explanation applies, the activation of visinin appears to be relatively specific for Optx2. We have not yet observed the phenomenon with mouse Six3, Pax6, Eya2, or other genes that we have constitutively expressed in the RPE.
The Context of Insect Eye Development. Although the eyes of insects are structurally very different from those of vertebrates, there is growing evidence that their early development shares a central genetic program that has been extremely conserved during evolution. For example, eyeless, the Drosophila Pax6 homologue, has the remarkable ability to induce eye development at various sites on legs, wings, and antennae when expressed ectopically in imaginal discs of the larva (10). Very recently, it has been shown that transcription factors encoded by sine oculis, eyes absent, and dachshund genes also have a capacity to initiate ectopic eye development. They also interact synergistically (28, 42) . On the basis of these studies, it has been suggested that a small network of genes function in a combinatorial manner to initiate insect eye development. The current molecular model is that these eye-specification genes are each required as components of a protein complex that regulates transcription during eye development. In this scheme, sine oculis binds to promoter elements via DNAbinding activities of the Six domain and homeodomain. Eyesabsent protein does not bind DNA and is instead recruited to the regulatory complex by binding to the Six domain of sine oculis (28) . It seems likely that these mechanisms and principles will apply also to the process of vertebrate eye development, but we need to be cautious in assuming that sine oculis is the Drosophila model for the vertebrate Six-family genes Six3 (28, 29) and Optx2. It is now clear that another gene, optix, which is specifically expressed in the early head and ocular primordia, is a much closer structural homologue. The separate structural identities of sine oculis and optix orthologues have been faithfully maintained since the divergence of insects and vertebrates, and it seems likely that this reflects the conservation of important functional differences between the two genes. For reasons that remain unclear, only the orthologues of optix appear to have retained a role in vertebrate eye development.
